INTRODUCTION
The regulation of 25-hydroxyvitamin Ds la-hydroxylase activity by calcium and phosphate has been demonstrated both in vivo (1) (2) (3) and in vitro (3) (4) (5) (6) (7) (8) . No simple correlation between the calcium and phosphate levels in vivo and the observed rate of 1,25 dihydroxyvitamin D2 (1, 25 -(OH)sDs) production can be made because of the other factors influenced by calcium and phosphate that may also affect 1,25(0H)2Ds synthesis (4) . Studies with isolated renal tubules in vitro permit better control of the variables being studied (3), but changes in the la-hydroxylase activity resulting from changes in the extracellular ionic environment may arise from either a direct action of the ion on the la-hydroxylase or an indirect action via some other aspect of cellular metabolism. In a preceding report (3) we demonstrated that both calcium and phosphate, under the appropriate conditions, stimulated 1,25(OH)2Ds production by isolated renal tubules. An increase in hydrogen ion concentration caused a decrease in the amount of stimulation by calcium. In the present study, the effects of changes in calcium, phosphate, and hydrogen ion concentrations on l,25(0H)2Ds production by chick renal mitochondria (Clifton, N. J.). All chemicals were reagent grade and obtained from commercial suppliers.
Mitochondrial preparation and incubation. The kidneys were perfused in situ with ice-cold 50 mM Tris acetate buffer, pH 7.4 (pH adjusted at room temperature), containing 250 mM sucrose and 2 mM EGTA (buffer A). The kidneys were removed, rinsed, and passed through a tissue press. Six pairs of kidneys were homogenized in 20 ml of buffer A with a Potter-Elvehiem apparatus, the homogenate was then centrifuged at 600 g for 10 min, and the supernate was removed and saved. The pellet was resuspended in 20 ml of buffer A, and the above was repeated. The combined supernates were centrifuged at 7,500 g for 10 min. The pellet was washed twice in 20 mM icecold Tris chloride, pH 6.8 (pH adjusted at 370C), containing 300 mM sucrose and 10 mM EGTA (buffer B). The third wash was performed in 20 mM Tris chloride, 300 mM sucrose buffer with pH adjusted to the pH of the incubation mixture (6.8 in most experiments), and without EGTA (buffer C). The washed pellet was suspended in 6 ml of buffer C to give a mitochondrial suspension of 10-12 mg protein/ml. The final incubation occupied a volume of 1 ml and contained 5-6 mg mitochondrial protein, 16 mM Tris chloride, 150 mM sucrose, 10 mM sodium malate, 2.1 mM magnesium sulfate, and 10 mM EGTA with sufficient calcium to give the desired free calcium concentration for the desired pH employed (9 
RESULTS
Calcium concentrations between 10' and 10' M stimulated the production of 1,25 (OH).Ds four-to fivefold by mitochondria incubated at a pH below 7.0 (Fig. 1A) . No inhibition of 1,25 (OH)2Ds production was noted even at calcium concentrations as high as 10' M. Between pH 6.45 and 6.90, hydrogen ion decreased the extent of stimulation by optimal levels of calcium but had no apparent effect on the la-hydroxylase activity at calcium concentrations below 10' M (Fig. iB) . However, above pH 7.0, little stimulation by calcium was observed until 10' M concentrations were used ( Fig. 1A and 1B) . A separate experiment with mitochondria incubated at pH 7.0 showed a response intermediate to that found at pH 6.9 and 7.1, with some stimulation by calcium noted at 10' M, but still not to the extent seen at a lower pH. This marked sensitivity of the calcium effect to extramitochondrial pH was reproduced not only in Tris chloride buffers but in NaHCOs-CO2 buffers as well. Little difference in mitochondrial content of calcium was seen between mitochondria washed at p 7.1 and 6.8 (Table I). However, washing mitochondria at the higher pH resulted in a decreased amount of phosphate.
The effects of various inhibitors on the calcium stimulation of la-hydroxylase activity are shown in Fig. 2 .
Neither 10 t'g/ml oligomycin nor 10' M LaCh prevented the calcium stimulation of the la-hydroxylase activity. However, 500 pM dinitrophenol, 0.83 Ag/ml anti- mycin, and 2.5 X 10' M ruthenium red each prevented the stimulatory effect of calcium on 1,25 (OH)2D3 production. The calcium ionophore A23187, at 10' M, decreased but did not totally block the effect of calcium. At these concentrations antimycin A blocked state 4 oxygen consumption by the mitochondria, whereas ruthenium red, LaCls, and oligomycin did not (Table   II) .
Phosphate, added as the sodium salt, exerted a biphasic effect on the la-hydroxylase activity. Increasing the phosphate concentration over the range of 0-1 mM led to increased mitochondrial synthesis of 1,25 (OH)2Ds at all calcium concentrations tested (Fig. 3) . Further increases of phosphate above 1 mM resulted in slightly diminished la-hydroxylase activity (Fig. 3) . The stimulatory effects of calcium and phosphate on 1,25 (OH) -2D3 production were synergistic, at least at suboptimal concentrations for each. In the absence of phosphate little stimulation by 10' M calcium was seen in this experiment. However, in the presence of 1 mM phosphate, 10' M calcium more than doubled the rate of synthesis of 1,25 (OH)2Ds. Likewise, only a 20% stimulation by 0.3 mM phosphate was seen in the absence of calcium, but in the presence of 10' M calcium, 0.3 mM phosphate nearly doubled the rate of 1,25(OH)2Ds production.
If the phosphate was added as the potassium salt so that 10 mM potassium was present in the incubation Preparation and incubation conditions of the mitochondria were as described in the Methods except the reaction was performed at 220C with a mitochondrial protein concentration of 1.67 mg/ml in 3 ml total vol and in the absence of 250HD3. The inhibitors were added to the incubation mixture before the addition of the mitochondria. medium (Fig. 4) , the effects of calcium and phosphate on la-hydroxylase activity were modified in the following three ways: (a) potassium stimulated the activity of the la-hydroxylase in the absence of calcium and phosphate; (b) the calcium effect was biphasic in the presence of phosphate, so that 10' M calcium resulted in less 1,25 (OH)2D3 production than 10' M calcium, and this difference was more marked at 3 mM phosphate than at 0.3 mM phosphate, and (c) the stimulatory effect by production by mitochondria incubated in the presence of five different calcium concentrations. Phosphate was added as the sodium salt so that 10 mM sodium was present in all incubation media. Chloride was the balancing counteranion. Pi in mM   FIGURE 4 The same conditions as in Fig. 3 , except that phosphate was added as the potassium salt so that 10 mM potassium was present in all incubation media; chloride was the balancing counteranion.
phosphate of the la-hydroxylase activity was blocked by 10 M calcium. DISCUSSION This study has evaluated the effects of physiologic concentrations of calcium, phosphate, and hydrogen ion on 1,25 (OH)2Ds production by vitamin D-deficient chick renal mitochondria. Care was taken to minimize the exposure of the mitochondria to extracellular concentrations of calcium and phosphate during the preparative procedures. The mitochondria were partially depleted of their calcium by washing with EGTA. The morphology of the mitochondria prepared in this fashion as judged by electron microscopy was comparable to that in the intact cell. The amount of calcium in the mitochondria (4.5-10' mol/mg protein) was less than 50% of the amount detected in vitamin D-deficient rat kidney mitochondria not washed in EGTA (11) and only 15% of the amount in normal rat kidney mitochondria (11) . The incubations of the mitochondria were performed in the absence of a permeant anion (except when the effects of phosphate were studied) to avoid the potentially disruptive swelling caused by high concentrations of calcium in the presence of a permeant anion like acetate. The free calcium concentration was controlled during the incubation with an EGTA-calcium buffer system (9) . Even in the presence of phosphate (up to 10 mM), this buffer system maintained the free calcium concentration within I pCa as calculated from the extramitochondrial calcium remaining after the incubation.
Calcium in a concentration range of 10V-10-M stimulated the production of 1,25(OH)2D3 four-to fivefold. Such a calcium range overlaps both the level taken to be the cytosol concentration of calcium (12) and the Km for calcium of the mitochondrial calcium transport system (13) . The effects of hydrogen ion were biphasic. Below pH 6.9, hydrogen ion decreased the ability of calcium to stimulate la-hydroxylase activity. It is of interest that decreased calcium accumulation by mitochondria is observed when the pH of the medium is decreased (14) . However, above pH 7.0 the ability of less than 10' M calcium to stimulate the la-hydroxylase activity was blocked. This is true in both Tris chloride and NaHCOsCOa buffer systems. Whether the diminished endogenous phosphate content of the mitochondria at the higher pH (Table I) can account in some way for the decreased response of the la-hydroxylase activity to calcium remains to be seen. The rate of 1,25(OH)2Ds production by isolated renal tubules did not show this loss of calcium stimulation at an alkaline pH (3). Gray, Omdahl, Ghazarian, and De Luca (8) also observed a biphasic effect of pH on la-hydroxylase activity in mitochondria. However, the pH optimum observed by them was 7.4. It is not clear whether the pH's of their buffers were determined at the 370C incubation temperature employed or at a lower temperature. If the buffers were adjusted at 220C, the actual optimum pH observed by Gray et al. would be similar to that observed in this laboratory.
Phosphate augmented the stimulatory effect of calcium on the rate of 1,25 (OH)2Da synthesis both by decreasing the threshold concentration of calcium at which stimulation was observed and by increasing the amount of stimulation seen (Fig. 3) . Phosphate in the absence of calcium exerted a biphasic effect on la-hydroxylase activity, with maximum stimulation occurring at 1 mM phosphate. Calcium at physiologic concentrations enhanced the phosphate effect without altering its biphasic nature. Phosphate increases the entry of calcium into mitochondria (12) (13) (14) . Perhaps this underlies part of the phosphate effect on la-hydroxylase activity. However, it is necessary to conclude that phosphate has a role independent of calcium to explain the biphasic nature of phosphate control of the la-hydroxylase activity observed even in the absence of calcium (Fig. 3) .
The probable importance of calcium accumulation by the mitochondria as a necessary step in the calcium stimulation of la-hydroxylase activity is underscored by the observation that ruthenium red, at a concentration that does not inhibit state 4 oxygen consumption under the conditions used in this study (Table II) or oxidative phosphorylation in rat liver mitochondria (15) , blocked the calcium stimulation of la-hydroxylase activity (Fig.  2) . Ruthenium red blocks the calcium binding and transport processes of mitochondria (15) . Furthermore, A23187, a divalent ionophore that limits the ability of mitochondria to accumulate calcium (16) , decreased the effect of extramitochondrial calcium on la-hydroxylase activity. Dinitrophenol and antimycin A also block mitochondrial calcium transport (17) and blocked the calcium stimulation of 1,25 (OH) 2D3 production (Fig. 2) . These effects could be attributed to a more general action on mitochondrial metabolism. Lanthanum chloride, thought to be a specific inhibitor of calcium transport by mitochondria (18), did not block the calcium stimulation of la-hydroxylase activity. However, Lehninger and Carafoli (19) noted that even in the presence of 10' M La", calcium accumulation by mitochondria continued, although at a reduced rate, and net accumulation was equal to that by control mitochondria after 10 min. The preincubation period used in our experiments was 12 min. Oligomycin, which does not block calcium transport (17) , did not block the calcium stimulation of 1,25 (OH)2Ds production.
The stimulation of la-hydroxylase activity by calcium, demonstrated in this report, was not found by Colston, Evans, Galante, Mac Intyre, and Moss (5) or Fraser and Kodicek (4) . In fact, they reported an inhibition of enzyme activity by calcium. These groups used homogenates prepared without an apparent effort to control the amount of extracellular calcium contaminating the preparation, and with no attempt either to deplete the mitochondria of calcium or to control the free calcium concentration in the homogenate with EGTA-calcium buffers. The amounts of calcium they added to achieve an inhibition of the la-hydroxylase activity were greater than 10' M and may have had a general disruptive effect on mitochondrial function, especially if permeant anions were present in the homogenate. In contrast, Suda et al. (6) However, the effects of these ions on mitochondrial production of 1,25 (OH)2D8 differed from those seen with the intact cell in the following two ways: (a)
Under certain conditions calcium interfered with the stimulation by phosphate of 1,25 (OH)2D3 production by renal tubules. In contrast, the combined effects of calcium and phosphate on the la-hydroxylase activity in the mitochondrion were synergistic in the absence of potassium. However, in the presence of potassium, high concentrations of calcium blocked the stimulation by phosphate of 1,25(OH)2Ds production in mitochondria. Likewise, the presence of potassium phosphate resulted in an inhibition of la-hydroxylase activity by high concentrations of calcium (Fig. 4) not seen in the absence of this salt (Fig. 3) . In this sense the results obtained with mitochondria in the presence of potassium closely resemble the results obtained with the intact cell.
(b) Alkalinization of the extracellular medium did not block the ability of calcium to stimulate the la-hydroxylase activity in renal tubules (3), unlike the effect of an alkaline pH on la-hydroxylase activity in the isolated mitochondrion (Fig. 1) . Explanation of such discrepancies as well as an explanation for the mechanism underlying the calcium, phosphate, and hydrogen effects on la-hydroxylase activity must wait further investigation. However, it is clear from the present and previous studies (3) that physiologic concentrations of calcium, phosphate, and hydrogen ions, operating at both the extracellular and intracellular level, can regulate the rate of synthesis of 1,25 (OH)2Ds. ACKNOWLEDGMENTS
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